Genes involved in the planar cell polarity (PCP) signaling pathway are essential for a number of developmental processes in mammals, such as convergent extension and ciliogenesis. Tissue-specific PCP effector genes of the PCP signaling pathway are believed to mediate PCP signals in a tissue-and cell type-specific manner. However, how PCP signaling controls the morphogenesis of mammalian tissues remains unclear. In this study, we investigated the role of inturned (Intu), a tissue-specific PCP effector gene, during hair follicle formation in mice. Tissue-specific disruption of Intu in embryonic epidermis resulted in hair follicle morphogenesis arrest because of the failure of follicular keratinocyte to differentiate. Targeting Intu in the epidermis resulted in almost complete loss of primary cilia in epidermal and follicular keratinocytes, and a suppressed hedgehog signaling pathway. Surprisingly, the epidermal stratification and differentiation programs and barrier function were not affected. These results demonstrate that tissue-specific PCP effector genes of the PCP signaling pathway control the differentiation of keratinocytes through the primary cilia in a cell fate-and context-dependent manner, which may be critical in orchestrating the propagation and interpretation of polarity signals established by the core PCP components.
The planar cell polarity (PCP) or noncanonical Wnt (Wnt/PCP) signaling pathway is an evolutionarily conserved signaling mechanism, essential for a number of development events such as break of symmetry, [1] [2] [3] [4] [5] convergent extension, 6 ciliogenesis, 7 and polarization of stereocilia and kinocilia of inner ear epithelial cells of the cochlea. 8 Currently, it is believed that core PCP proteins, such as Frizzled 6 (Fzd6), Van Gogh-like 1 and 2 (Vangl1 and Vangl2), Dishevelled 2 and 3 (Dvl2 and Dvl3), and Celsr1 are required for the establishment and propagation of planar cell polarity signals, 9, 10 whereas PCP effectors, such as Inturned (Intu), Fuzzy (Fuz), and Fritz (Wdpcp) of the tissue-specific PCP effector group, act downstream of the core PCP components to mediate PCP signals in a tissue-and cell type-specific manner. 7, 10 The genetic network and the molecular mechanisms through which PCP controls the morphogenesis of mammalian tissues remain unclear.
Disruption of core PCP genes can result in convergent extension abnormalities, such as spina bifida, [11] [12] [13] [14] whereas the disruption of tissue-specific PCP effector genes results in pleiotropic phenotypes related to abnormal formation or function of the primary cilia, such as polydactyly and exencephaly. [15] [16] [17] [18] These distinctive sets of phenotypes associated with the loss of core PCP and tissue-specific PCP effector genes suggest that these two groups of PCP genes may participate in tissue morphogenesis in a tissuespecific and context-dependent manner. To precisely determine the molecular mechanisms through which various PCP components control the mammalian development, it is desirable to investigate an organ in which both core PCP genes and tissue-specific PCP effector genes exert welldefined functions.
The epidermis of the skin is a stratified epithelial tissue developed from the single-layered ectoderm. Fully developed epidermis undergoes terminal differentiation and cornification, whereas its homeostasis is maintained by epidermal keratinocyte stem cells that reside in the basal epidermis and the hair follicles. 19 Core PCP and PCP effector genes have been associated with the development, maintenance, malignant transformation, and wound healing of the skin. [20] [21] [22] [23] [24] In addition, PCP genes also control the orientation, differentiation, and cycling of the hair follicles, the multicellular appendages of the skin. [25] [26] [27] [28] [29] [30] [31] Extensive involvements of PCP genes in skin formation and homeostasis make the skin an ideal epithelial model system to dissect the PCP signaling pathway in mammals.
The formation of hair follicles in mice relies on reciprocal interactions between the epidermal cells and the underlying dermal papilla cells that involves a number of signaling pathways common to the morphogenesis of mammalian tissues and organs. 32, 33 The induction of the hair follicle occurs at approximately embryonic day 14.5 (E14.5) in mice with the formation of the hair placode and hair germ, a process requiring the activation of the canonical Wnt signaling pathway. Thereafter, the hair germ elongates and invaginates into the dermis to form the hair peg, which will ultimately differentiate to become a mature hair follicle, a process requiring the activation of the Hedgehog (Hh) signaling pathway. 33 Disruption of Wnt/b-catenin signaling pathway results in failure of hair germ induction, whereas its upregulation results in precocious hair follicle formation and pilomatricoma. [34] [35] [36] [37] In contrast, disruption of the Hh signaling pathway prohibits hair follicle differentiation, [38] [39] [40] whereas its unattenuated activation results in the formation of basal cell carcinoma. 41 In addition, proper formation and maintenance of the skin and hair follicles require well-orchestrated interplay among signaling pathways within the epidermal compartment and between the epidermis and dermis. 37, [42] [43] [44] Thus, balancing the signaling output, such as Wnt and Hh, is critical.
Hh signaling requires the proper formation and function of the primary cilia. 45, 46 Recent studies demonstrated that the formation of the primary cilia in epidermal keratinocytes and dermal papilla cells is cell autonomous, whereas the crosstalk between epidermal/dermal cells during hair follicle development requires the primary cilia in both compartments. 29, 47 Recent characterization of primary cilia in epidermal differentiation and wound healing 48, 49 and in the development of basal cell carcinoma 50 demonstrated their critical roles in the development and homeostasis of the skin.
In this study, we investigated the function of Intu, a tissuespecific PCP effector gene, in the context of skin and hair follicle development. Intu is expressed in both epidermal and dermal cells of the skin. Epidermal-specific disruption of Intu resulted in hair follicle morphogenesis arrest because of follicular keratinocyte differentiation failure. Despite the fact that the stratification and differentiation of the interfollicular epidermis was essentially indistinguishable from the controls, we demonstrate that Intu regulates the differentiation of the hair follicle through its critical role in cilia formation and Hh signaling, and that cilia-mediated crosstalk between epidermal keratinocytes and dermal papilla cells is essential during this process. Our findings suggested a cilia-dependent and follicular keratinocyte-specific role of tissue-specific PCP effector genes on keratinocyte differentiation, which is dispensable during the stratification and differentiation of interfollicular epidermal keratinocytes.
Results
Expression profile of Intu and epidermal-specific gene targeting. Using quantitative reverse-transcribed PCR (qRT-PCR), we determined that Intu is expressed in the skin (Supplementary Figure S1a and b) . In addition, Intu is not only expressed in the epidermal cells, but also in the dermal cells.
Loss-of-function mutant embryos of Intu do not survive beyond E15.5, a critical stage of skin and hair follicle development, because of severe developmental abnormalities, 18 preventing us from studying its function in the skin. To circumvent this problem, we crossed the floxed alleles of Intu (Intu loxP/loxP ) with a transgenic mouse line expressing Crerecombinase (Cre) under the control of keratin 14 (Krt14) promoter (Tg(KRT14-cre)1Amc/J, 51 and thereafter referred as Krt14-Cre) to target the disruption of Intu to the epidermis (Intu loxP/loxP ;Krt14-Cre). The qRT-PCR confirmed that Intu transcript was almost completely absent in the epidermis of these mice (Supplementary Figure S1c) .
Intu is not required for epidermal stratification, differentiation and barrior formation, and core PCP protein polarization. To determine whether Intu is required for skin formation, we examined epidermal stratification and differentiation of the dorsal skin of germline Intu mutants (Intu À / À ). At E14.5, when the stratified epidermis starts to terminally differentiate, the skins of controls and mutants (Intu À / À ) were essentially indistinguishable (Supplementary Figure S1d) . At the molecular level, there was no difference in the expression of p63 and Krt14 (Supplementary Figure  S1e) , suggesting that Intu is not required for the stratification of the epidermis. An examination of Krt1 revealed that the Krt1-positive cells were present normally at the suprabasal layer of Intu À / À skin (Supplementary Figure S1f) , demonstrating the initiation of epidermal differentiation. Labeling of Ki67 and phospho-histone H3-positive cells revealed comparable proliferation and mitotic indexes of the control and Intu À / À skin (Supplementary Figures S1g and h) . The above evidence strongly suggests that Intu is dispensable for the normal stratification, differentiation, and proliferation of early embryonic epidermis.
By E14.5, PCP has already been established in the mouse skin. 26 Examination of Vangl1, a core PCP protein, revealed that it was properly polarized at the lateral membrane of basal keratinocytes of Intu À / À skin (Supplementary Figure S2) . To follow skin development, we examined the dorsal skin of postnatal day 2 (P2) Intu loxP/loxP ;Krt14-Cre mutants. Epidermis-specific disruption of Intu allowed the mutant embryos to survive to term; however, mutant pups displayed growth retardation, and none of them could survive beyond P6 (Supplementary Figure S3a) . Histologically, there was no apparent skin abnormalities, except for the hair follicles ( Figure 1a, Supplementary Figure S3b , and also see below). At ultrastructural level, the mutant skin displayed normal spinous and granulous cell layers, normal architectures of keratin fibrils, desmosomes, and normal distribution of keratohyalin granules (Supplementary Figure S3d) .
In all skin samples examined, early and late differentiation markers, such as Krt10 and loricrin (Lor), were normally expressed in control and mutant skins (Figure 1d ). qRT-PCR revealed normal expression levels of Krt14, Krt10, Lor, and Figure S3c) . This characterization excluded the likelihood that the death of these mutant pups were related to skin abnormalities. Taken together, the above observations suggest that Intu is dispensable during the development of interfollicular epidermis.
To allow the mutant skin to further mature, we transplanted the dorsal skins of E18.5 control and mutant embryos onto the backs of immune-compromised (Foxn1 À / À ) recipient mice. The mutant skin was able to engraft and further develop (Figure 2a ). By the fifth week after grafting, skin grafts were harvested for analysis. Histologically, the mutant grafts were able to maintain a relatively normal architecture (Figures 2a and b). Immunofluorescence labeling of Krt1 and Lor demonstrated that there was no apparent difference in epidermal differentiation between control and mutant grafts ( Figure 2b) . Interestingly, the epidermis of the mutant skin graft appeared hyperproliferative (Figures 2a and b) , similar to the postnatal skin phenotypes observed in Hh mutants. [38] [39] [40] Ki67 staining demonstrated a significant increase of proliferating epidermal keratinocytes in the mutant skin graft (Figure 2c ). The expression of p63 was also increased (Figure 2d ). However, apoptosis in the skin was unremarkable (Supplementary Figure S5) . These observations indicate a role of Intu in the maintenance of adult epidermis.
In contrast, there is a striking difference in the number of hairs formed between the control and mutant skin grafts, the latter of which was almost completely devoid of visible hair fibers ( Figure 2a , and also see below). we observed a marked delay in the development of mutant hair follicles (Figure 1c) . Specifically, 49 ± 2.4% hair follicles of control skin were developed beyond stage 6, with a small proportion (2±0.9%) in stage 2 by P2; the majority (53.6 ± 6.7%) of the mutant counterparts were at stages 1-2, with only 16.1 ± 2.5% developed beyond stage 6 (Figure 1c) .
To determine whether Intu plays a permissible role during hair follicle morphogenesis, we examined hair follicles in the skin grafts. Histologically, the mutant skin grafts were almost completely devoid of hair follicles, whereas the control skin possessed an abundant number of anagen hair follicles, reminiscent of the intact skin of a normal mouse at the same age (5 weeks) (Figure 2a, lower panels) . The above observation demonstrated that Intu is essential for hair follicle development; the disruption of Intu can result in complete developmental arrest of the hair follicles.
To understand the cellular and molecular processes through which Intu controls hair follicle development, we examined key events in follicular morphogenesis. The induction of hair follicles is initiated at approximately E14.5 with the concurrent formation of the placode, aggregation of dermal condensate, and the activation of the canonical Wnt signaling. In the dorsal skin of E14.5 Intu À / À mutants, hair placodes were able to form (Supplementary Figure S1d) . Basal and follicular keratinocytes displayed an active canonical Wnt signaling as demonstrated by nuclear staining of Lef1 (Figures 3a and b) . Dermal condensates were properly formed on the opposing side of these placodes and expressed nuclear Lef1 (Figure 3b) . The above evidence suggests that Intu is not involved in hair follicle induction or canonical Wnt signaling in embryonic epidermis.
Because the transition to stage 6 hair follicles requires cytodifferentiation of follicular keratinocytes, we examined the differentiation of follicular keratinocytes of newborn skin by labeling of inner root sheath (IRS) cells with Krt71. As expected, a proportion of control hair follicles expressed this hair follicle differentiation marker, whereas no hair follicle in the mutant skin contained Krt71-positive cells (Figures 3c  and e) . This result was further confirmed by examining markers for the champion layer (Krt75) and hair cortex (AE13) (Figures 3d and e) . Comparable numbers of proliferating cells (Figure 1h ) and Lef1-positive cells (Figure 3f ) in stage 3-5 hair follicles revealed no evidence to suggest that the hair follicle differentiation was prohibited by follicular keratinocytes' capability to proliferate in the Intu mutants. Furthermore, the aggregation of dermal papilla cells was unaffected in the mutants (Supplementary Figure S4d) . In summary, the above evidence suggests that the hair follicle differentiation phenotypes of Intu mutants were associated with follicular keratinocytes' inability to differentiate.
Intu is essential for the formation of primary cilia and the transduction of Hh signals. To define the mechanism through which Intu regulates the differentiation of follicular keratinocytes, we examined the formation of the primary cilium, a microtubule-based cellular protrusion. The primary cilia are essential for processing the Hh signals, a signaling pathway essential for hair follicle differentiation. [38] [39] [40] Immunofluorescence labeling revealed that cells of Intu À / À skin were almost completely devoid of detectable ciliary axoneme, whereas the formation and polarization of the basal body were comparable to the controls (Figure 4a) . Hair placodes were able to form in Intu À / À skin; however, their cells were not ciliated (Figure 4b) . Similarly, we failed to detect any normal cilia in epidermal and follicular keratinocytes in the skin of E18. ;Krt14-Cre skin were properly ciliated (Figure 5a ). These results not only confirmed epidermis-specific gene targeting by Krt14-Cre, but also demonstrated that the hair follicle differentiation abnormality was associated with ciliogenic defects in follicular keratinocytes.
Skin grafts of controls and Intu loxP/loxP ;Krt14-Cre mutants did not possess cilia as in the normal adult skin (Figure 5b ). Because only control grafts contained hair follicles, we examined the hair follicle bulb and confirmed that both follicular and dermal papilla cells were ciliated (Figure 5c ).
Subsequently, we examined Hh signaling in the mutant skin. qRT-PCR demonstrated a suppressed Hh signaling pathway (Figure 5d) , confirming that the inability of the mutant hair follicles to differentiate was due to the lack of Hh signaling secondary to the loss of primary cilia. Interestingly, expression levels of genes involved in Notch signaling were unaffected (Figure 5e ).
Discussion
In this study, we demonstrated that Intu, a tissue-specific PCP effector gene, plays an indispensable role in the differentiation of follicular but not epidermal keratinocytes, thus providing an example of a cell fate-and contextdependent function of PCP genes during mammalian development.
Core PCP genes of the PCP signaling pathway are involved in polarizing hair follicles along the major body axes. [25] [26] [27] Tissue-specific PCP effector genes function downstream of the core PCP genes to mediate and propagate the PCP signals. During the characterization of the Intu mutants, we only observed hair follicle differentiation abnormalities, whereas polarization of core PCP proteins (Vangl1) and orientation of hair follicles of the mutants were normal. This observation confers with the concept that PCP effectors function downstream of core PCP components. Developing hair follicles establish their planar orientation early at hair germ stage, which is well before hair follicles start to differentiate. Not only are tissue-specific PCP effectors essential for hair follicle differentiation (this study and Dai et al. 29 ), PCP effector genes of small GTPases, such as Rac1 and Cdc42, have also been implicated in hair follicle differentiation and maintenance. 30, 31 Thus, the segregating hair follicle phenotypes between core PCP and PCP effector mutants also suggest that these two groups of PCP genes may control different molecular and cellular mechanisms, at least, during hair follicle development.
Intu is required for primary cilia formation in a wide range of mammalian cell types. 18, 53, 54 Recent studies demonstrated that primary cilia are critical for the development and homeostasis of the epidermis through the regulation of p63 and Notch signaling. 48, 55 In this study, we utilized three in vivo model systems (a germline mutant model, a tissuespecific mutant model, and a skin grafting model) to disrupt the expression of Intu throughout the development of the skin. In the absence of Intu, primary cilia formation was disrupted and hair follicle formation arrested. Yet, despite the lack of cilia, we did not observe apparent epidermal defects, including epidermal stratification, proliferation, differentiation, mitosis, apoptosis, and barrier function, but observed normal expression levels of genes involved in epidermal differentiation and Notch signaling in embryonic skin. The drastically different phenotypes suggest that ciliogenic genes, such as Ift88 and Kif3a, and tissue-specific PCP effector genes, such as Intu, Fuz, and Wdpcp, may control cilia formation and function through different mechanisms, and further warrant the strictly context-dependent functions of tissue-specific PCP effector genes during epidermal and hair follicle differentiation. It is possible that these ciliogenic genes may perform additional cellular functions in keratinocytes beyond controlling primary cilia formation. Further investigation is required to identify novel functions of these genes (tissue-specific PCP effector genes and ciliogenic genes) beyond participating in primary cilia formation.
Canonical Wnt/b-catenin and Hh signals are two of the most important signals required for hair follicle induction and differentiation, respectively. 56 The primary cilium is a signaling center, critical for both signaling pathways. 45, 46 Disrupting Intu almost completely disrupted primary cilia and resulted in a hair follicle phenotype reminiscent of that of Hh mutants. [38] [39] [40] However, neither hair follicle induction nor the canonical Wnt signaling pathway was affected. This evidence suggests that the primary cilium is essential for Hh signaling pathway but not canonical Wnt/b-catenin signaling during the embryonic development of the epidermis.
The morphogenesis of hair follicles requires extensive reciprocal interactions between the keratinocytes and dermal fibroblasts. Epidermal-specific disruption of Intu prohibited the differentiation of hair follicles without affecting ciliogenesis in dermal papilla cells. This study provided further evidence that the formation of primary cilia in epidermal and dermal cells is cell autonomous, whereas the primary cilia are required for the crosstalks between follicular keratinocytes and dermal papilla cells during hair follicle differentiation, a correlation remarkably similar to previous reports. 29, 47 Because of the fully penetrant hair follicle differentiation and ciliogenesis phenotypes in the Intu and Fuz mutants, our studies suggest that these PCP effectors do not play redundant roles during skin development. Recent studies on Xenopus epidermis strongly suggest that these tissue-specific PCP effectors control ciliogenesis through different molecular mechanisms. 16, 17, 53 The exact molecular function and genetic interaction of this group of PCP effector genes remain to be elucidated in mammals, and, as suggested by this study, in a cell type-and cell fate-specific manner.
The activity of Krt14-Cre in the dorsal skin starts at approximately E14.5 concomitant with hair follicle induction. 51 The combined investigation of germline mutants (Intu À / À ) at E14.5 and tissue-specific knockout mutants (Intu loxP/loxP ; Krt14-Cre) allowed us to overcome embryonic lethal phenotypes and determine the function of Intu throughout the morphogenetic processes of the skin and the hair follicles. To our surprise, targeting Krt14-expressing cells not only resulted in hair follicle development abnormalities, but also growth retardation and perinatal death. Although skin-related abnormalities have unlikely contributed to lethality, we are not yet able to determine the exact cause. Because Krt14-Cre also targets cells of other epithelial tissues, such as the mucus membrane of upper respiratory track, esophagus, and the forestomach, which contain primary (and motile) cilia, the lethal phenotypes suggest important function of Intu in the development and function of these epithelial tissue types.
In summary, this study identified a critical role of a PCP effector gene, Intu, in the differentiation of epidermal keratinocytes after their commitment to a follicular fate, suggesting a potential mechanism through which PCP signaling executes its function in a cell fate-and contextdependent manner. Our findings demonstrate that the epidermis and hair follicles are excellent model systems in dissecting the PCP signaling pathway in mammals.
Materials and Methods
Animals and tissue preparation. The Intu À / À and Intu loxP/loxP mice were reported previously. 18 Wild-type or heterozygous (Intu þ / À ) littermates were used as controls. Tg(KRT14-cre)1Amc/J mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). 51 57 and AE13 (1 : 100, ab16113, Abcam, Cambridge, MA, USA). The Krt14, Krt10, and Lor antibodies were generated by Roop et al. 58 The following day, sections were incubated in secondary antibodies Alexa-conjugated fluorochrome 594 or 488 anti-IgG to the corresponding host species of the primary antibodies (Molecular Probes, Eugene, OR, USA). Nikon Eclipse 90i microscope (Nikon Melville, NY, USA) was used for photography.
BrdU incorporation and TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling) analyses. To determine the proliferative index, mice were injected i.p. with 10 ml/g of BrdU labeling reagent (Zymed, Life Technologies, Grand Island, NY, USA). Tissues were collected 2 h later and embedded tissues were stained with an Alexa Fluor dye-conjugated anti-BrdU antibody (Invitrogen). DeadEnd Fluorometric TUNEL system (Promega) was used according to the manufacturer's instruction manual to measure nuclear DNA fragmentation.
Skin separation and transplantation. Skins were dissected from E18.5 embryos and floated on 1.5 U/ml dispase II (Roche Applied Science, Indianapolis, IN, USA) for 1 h before separating the epidermis and dermis by peeling. Keratinocytes and dermal fibroblasts were harvest as described by Lichti et al.
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Full-thickness E18.5 embryonic skins were transplanted to Foxn À / À nude mice as described in our previous study. 29 At 5 weeks after transplantation, skin grafts were harvested for analysis.
Microscopy and image processing. Photographs were taken with a Nikon Eclipse 90i microscope in conjunction with the NIS-Elements AR 3.0 imaging software (Nikon). Images were processed with Adobe Photoshop CS5 Extended and assembled with Adobe Illustrator CS3 (Adobe, San Jose, CA, USA).
Transmission electron microscopy. Small pieces of back skin of E18.5 embryos were fixed in 4% paraformaldehyde, 2.5% gluteraldehyde in 0.1 M sodium cacodylate (pH 7.4) at 41C overnight. After several washes in 0.1 M cacodylate buffer (pH 7.4), samples were postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h at room temperature. Samples were then dehydrated through a graded ethanol series, and then embedded in a mixture of epon-araldite resin for overnight at 601C. Finally, thin sections were cut and poststained with lead citrate and uranyl acetate before been examined on an FEI Technai G2 electron microscope (Hillsboro, OR, USA).
Whole-mount dye penetration assay. Epidermal barrier was examined by a whole-mount dye penetration assay. E18.5 control and mutant embryos were dissected out carefully, washed in phosphate-buffered saline (PBS), and dehydrated by incubating in serial concentrations of methanol (25, 50, 75 , and 100% methanol in PBS) for 1 min per dilution. The embryos were then rehydrated by reversing the incubations back to 100% PBS for 1 min per incubation. Embryos were then stained for 1 min in 0.0125% toluidine blue O in PBS (Fisher Scientific, Pittsburgh, PA, USA) before embryos were washed in PBS to destain, and were then photographed.
Statistical analysis. Each experiment was performed minimum three times unless otherwise stated. Representative images were used in the article. Student's t-test was used to calculate statistically significant differences. Po0.05 was considered statistically significant.
